ABSTRACT Satellite machine-type communication plays a crucial role in the maritime Internet of Things.
I. INTRODUCTION
International maritime shipping is responsible for the carriage of 90 to 95 percent of world trade. The concept of maritime Internet of Things (IoT), developed to modernize the maritime industries by the United Nations chartered International Maritime Organization (IMO) under the name e-Navigation, involves the harmonized collection, integration, exchange, presentation, and analysis of maritime information to enhance berth-to-berth navigation and related services for safety and security at sea, and the protection of the marine environment [1] , [2] .
Examples of such maritime IoT services include search and rescue (SAR) in which a machine-type communication (MTC) device installed on SAR equipment, such as life vests/rafts, maritime survivor locating devices or man overboard devices, enables relaying distress messages to maritime
The associate editor coordinating the review of this manuscript and approving it for publication was Ding Xu. rescue coordination centers with precise location, weather condition, and other information that helps the SAR operation [3] , and relaying back the acknowledgement that the rescue operation is engaged. MTC also allows the rescue coordination center to poll ships in the vicinity to ask for their SAR capabilities in an automated manner. An aids-tonavigation service distributes maritime safety information to vessels, such as navigational warnings, meteorological forecasts, and hydrographic services, among other safety-related information [4] . In ship reporting, a ship periodically broadcasts its static and voyage related information such as the ship's identification, draught, vessel type (e.g., a passenger ship, a pilot vessel, a SAR vessel, a tugboat, a port tender, a law enforcement vessel), its intended destination, and estimated time of arrival, or dynamic information such as position, speed over ground, course over ground, and navigational status (e.g., under way using engine, at anchor, not under command, etc.). This allows tracking and monitoring of vessels and maritime devices worldwide. Autonomous shipping is the ultimate way forward in marine industry, and maritime MTC is undoubtedly one of the key enablers. Finally, maritime IoT is expected to play an essential role in meteorological and hydrological information collection, as well as marine environmental monitoring via sensor networks for tracking persistent change in the environment.
Clearly, to enable maritime IoT or e-Navigation, there is a need for establishing the communication between ships and shore as well as among ships to support maritime affairs. Due to the global nature of maritime IoT services, a maritime MTC system is required to provide ubiquitous connectivity for ships (or maritime devices) on a global scale, especially over open oceans including the most remote areas of the world like the polar regions. This poses a unique and serious challenge to a maritime MTC system since unlike in terrestrial cellular MTC systems [5] , [6] where coverage is provided via mass deployment of base stations, it is obviously impractical (if not impossible) to cover the open oceans with base stations.
Nonetheless, historically, maritime communications have not received as much attention in the communications society as terrestrial communications, such as the most popular terrestrial human-type communication (e.g., LTE) [7] , and the terrestrial MTC (e.g., NB-IoT) [5] . Part of the reason is arguably the simplicity principle that has been traditionally the overall system design criterion for maritime communication systems while the terrestrial communication industries are obviously heading the other direction -becoming increasingly sophisticated and costly. After all, a simpler system is faster to develop, cheaper to manufacture, easier to maintain, and typically more flexible and robust under complex marine environments which is of paramount importance to maritime equipment/systems. Only in most recent years, maritime communications, particularly, maritime MTC are becoming an increasingly important part of the next generation communications system. To this end, IMO has been joining forces with International Association of Marine Aids to Navigation and Lighthouse Authorities (IALA) developing the Automatic Identification System (AIS) and Application Specific Message (ASM) system for exchange of navigational data between ships as well as between ships and shore stations to improve the situation awareness over sight, VHF voice, and radar. AIS and ASM use VHF communication links for collision avoidance, sea rescue, and safety of navigation, among many other things [8] , [9] .
However, limited coverage and low spectral efficiency have severely affected the potential of AIS as well as the ASM system for maritime IoT. Most recently, IALA and IMO put forward a VHF Data Exchange System (VDES) initiative with the aim of creating the more spectrally-efficient maritime MTC system powered by modern communication and networking technologies with seamless worldwide coverage to support maritime IoT or e-Navigation [10] , [11] . VDES consists of the new VHF Data Exchange (VDE) link in addition to AIS and ASM, which provides enhanced data exchange capacity on a global scale via transmitting and receiving maritime data both terrestrially and with satellites. In particular, VDE includes the terrestrial component (VDE-TER) to support high-density traffic in near-shore (e.g., ports and waterways) via shore stations, and more importantly, the satellite component (VDE-SAT) to provide access, via low-earth orbiting (LEO) satellites, to the maritime services beyond line of sight at shore, e.g., on the high seas or in the arctic region. This ultimately forms a space-earth integrated MTC system to achieve truly global seamless coverage. The overall network architecture is depicted in Figure 1 ; a realization scenario of such a network is graphically illustrated in Figure 2 .
The VDES network mainly consists of four types of entities: VDES Controller, Control Station, Mobile Station, and Maritime Application Server. A Control Station, either a satellite space station or a shore station, serves as a wireless access point to the VDES network. It provides efficient radio resource utilization via centralized resource control for VDES communication. A VDES Mobile Station can be a ship, lighthouse, buoy, or SAR transponder. The VDES Controller is a logical entity responsible for providing network-related control functionalities for VDES communications. In particular, it aims to exploit both satellite and terrestrial domains of the VDES infrastructure to provide the network capabilities for mobile stations to access a variety of maritime applications and services. The Maritime Application Server acts as a gateway that sits between two networks, the internal VDES network and the external packet data network where the maritime service providers reside, providing: 1) service identification and authentication, 2) service virtualization/abstraction (such as traffic patterns, and quality of service profiles) and presentation to the VDES Controller, and 3) adaptation of the interface between the VDES network and the packet data network. The adaptation function hides the topology and complexity of the packet data network from the VDES network so that a mobile station can interact with the service providers without being overburdened by the resource and power-hungry wired protocols [e.g., the Internet Protocol (IP)] that drive the packet data network, which is of particular importance to a narrowband MTC system like VDES. Together, the VDES Controller and the Maritime Application Server combine the features of service management and orchestration with dynamic resource management/consolidation, service resolution, and routing mechanisms, leading to maritime service-centric networking.
Radio spectrum is without doubt the most critical component for any wireless communication system. To successfully deploy VDES worldwide, it is imperative to have appropriate international standards and regulations to enable proper operation of the system. The AIS spectrum was allocated by the International Telecommunication Union (ITU) in the World Radio-communication Conference in 2007 (WRC-07) [12] ; whereas the frequency spectrum allocations for ASM and VDE-TER were approved in WRC-15 [see Figure 3 (a)] [13] . Two frequency utilization plans as depicted in Figure 3 (b) are under consideration for VDE-SAT [14] , [15] by ITU. Figure 1 . SDH denotes the synchronous digital hierarchy protocol based telecommunications network; and the teleport is a satellite ground station that functions as a hub connecting a satellite space station with a terrestrial telecommunications network.
Both are within the frequency range of 156.0125 -162.0375 MHz that belongs to the VHF maritime mobile spectrum (156 to 174 MHz). The decision to use this spectrum has been postponed to WRC-19 because on land, this spectrum is mostly allocated for conventional and trunked land mobile systems used by safety agencies, utilities and transportation companies, e.g., police, fire, ambulance services, dispatched services. Many businesses and industries throughout the world use land mobile service as their primary means of communication, especially from a fixed location to mobile users (i.e., from a base station to a fleet of mobile stations).
Evidently, the stumbling block to the realization of the VDE-SAT system is the potential harmful interference on the downlink frequency band to the existing land communication services on the same frequency because of the global coverage nature of satellite. Several technical and regulatory challenges regarding the interference must be addressed by the standards and regulatory bodies, as well as by the maritime community. And yet, such interference assessment can be rather complex.
Neither regulatory rules nor related work has been specified or made available in the literature although there are several excellent papers in literature regarding the VDES systems. For example, the VDES channel models and the statistical results during the channel sounding trials are presented in [16] . The use cases of VDES and research directions are touched upon in [17] . An improved distributed scheduling scheme for VDE-AIS and ASM is studied in [18] . The performance of the VDE network is evaluated in [19] . Apparently, none of them deals with the VDE-SAT from the perspective of interference.
The primary contribution of this paper is the mathematical derivation of a methodology for the impairment assessment of the satellite interference to the victim systems. In particular, the contributions include: 1) the mathematical derivation of an electromagnetic power flux density (PFD) mask for analysis of the interference from a satellite (i.e., a VDE-SAT space station) to the incumbent co-frequency land/terrestrial systems; 2) analysis of the impact of the PFD mask (that is deduced from the existing terrestrial regulations imposed by international radio spectrum regulators for protection of interference between land systems) on the performance of VDE-SAT; and 3) optimization of the satellite emission pattern under the PFD mask constraint for the best VDE-SAT performance.
II. REGULATIONS AND METHODOLOGIES
Radio communication organizations, such as the ITU and the Electronic Communication Committee (ECC), regulate on radio communication services and the utilization of radio spectrum on a global scale -terrestrial or non-terrestrial. To provide protection on the licensed services worldwide, regulatory policies and specific requirements based on various criteria have been developed for determining the impact of interference from new systems. As a new MTC technology for maritime IoT operating globally, making sure that the VDE-SAT MTC system complies with the requirements is of primary importance. Service providers, operators, and regulators are beginning to address the critical spectrum issues of VDE-SAT, and the international and several national and regional telecommunication regulators have started the development of standards and regulations to ensure that VDE-SAT space stations can operate according to the technical and operational guidelines.
Indeed, the potential emissions from VDE-SAT space stations may enter the victim systems (i.e., the incumbent land systems operating in the same band) to varying degrees through the main beam and the side lobes of the incumbent land stations, and hence need to be examined against the requirements in this frequency band in order for VDE-SAT to operate on the proposed frequency band. However, the existing regulatory requirements/criteria based on, e.g., interference-to-noise ratio and performance-based constraints by ITU, and coordination field strength by ECC are originally specified for interference protection between legacy land systems, and hence may not be directly used for protection against interference from the space stations.
To account for the incident angle-dependent characteristics of satellite emissions, it is necessary to use an approach for angle-dependent interference analysis such that the resulting interference is not harmful to the victim systems. It is possible in principle but is obviously cost-and time-wise impractical to launch a testing satellite to investigate into its impact on various types of land systems all over the world, and try out various emission levels and patterns to see the effect on these systems. A more efficient and practical method adopted in the current study is to place general restrictions on the electromagnetic emissions from the satellite stations deduced from the existing terrestrial regulatory rules developed for protection between land systems. The restrictions are expressed in terms of values of maximum allowed electromagnetic PFD emitted by any space station onto the surface of the Earth at all possible incident angles in a reference bandwidth such that the actual interference that a land system sees is no worse than that from any interfering land system allowed by regulations. Specifically, an electromagnetic PFD mask is VOLUME 7, 2019 derived from the original terrestrial or land system regulatory restrictions by, e.g., ITU and ECC, and used as the constraint on the emission energy from the VDE-SAT space stations for protection against the harmful interference to the incumbent co-frequency land communication systems.
III. THE PFD MASK METHODOLOGY
In this section, we derive the electromagnetic PFD mask using three closely related terrestrial regulatory constraints for land mobile systems on the VHF frequency band as illustrative examples to demonstrate the methodology.
A. FIELD STRENGTH CONSTRAINT (FSC)
The ECC recommendation defines a field strength threshold for terrestrial interference coordination between land mobile systems from neighboring countries in the frequency band from 29.7 to 470 MHz [20] . Five indicative thresholds with a reference bandwidth of 25 kHz are specified and enumerated in Table 1 , each of which indicates the average interference strength, E, impinging on a land station antenna allowed from an interfering land station. It translates to an electromagnetic PFD value, ψ,
via Maxwell's equations, where ε and µ are the electric and magnetic constants, respectively. The corresponding interference into the land station receiver depends on the antenna gain, which can be shown to be
where λ is the wavelength of the interference signal, ι the receiver feeder loss, and G land (θ ) the antenna gain of the receiving antenna for a given incident angle θ . The resultant interference that the victim (i.e., a land station receiver) actually sees depends on the incident angle, θ , of the interfering electromagnetic wave. Consequently, the largest interference from a land system into the victim land system receiver permitted by FSC is given bŷ
Applying the same criterion to a VDE-SAT station indicates that the PFD from a VDE-SAT station must be less than
where ϑ SAT land is the antenna polarization loss between the VDE-SAT station transmitter (circular) [13] and the land station receiver (vertical) [21] , typically 3 dB, and
is the normalized land mobile antenna gain. However, differently from the land system case (in which θ ≈ 0 • since land service transceivers typically direct to the horizon), the incident angle can be anywhere from 0 to 90 degrees, i.e.,
Equation (4) indicates that, for VDE-SAT to comply with the FSC, the PFD that a VDE-SAT space station impinges upon the land systems must be less than FSC (θ). Hence FSC (θ ) serves as a ''protection mask'' against the interference from the space station from the perspective of a land station. This concept is graphically illustrated in Figure 4 . The space station's nadir offset angle φ is related to the land station's elevation angle θ via
where R is the radius of the Earth, and h is the space station's orbit altitude. Assuming that the space station is a LEO satellite orbiting at an altitude of h = 600 km [13] , φ then ranges from 0 • to 66 • with respect to θ ranging from 90 • to 0 • . The PFD mask is thus defined according to (4) but from the perspective of the space station, i.e., as a function of the space station's nadir offset angle φ, rather than the land station's elevation angle θ . That is,
76408 VOLUME 7, 2019 An average antenna gain pattern (relative to an isotropic antenna) for both mobile and base stations is provided in [22] asḠ
where (·) dB denotes the dB operator, i.e., (·) dB 10 log 10 (·) (dB), [e.g., (2) dB = 3 (dB)], k = 0.7 for antennas operating in the frequency range below 3 GHz, thus
is the 3-dB beam width in the elevation plane, and
Omnidirectional antennas with peak gains max
G land (θ ) = G land (0) = 6 dBd (8.15 dBi) and 0 dBd (2.15 dBi) are assumed for land base stations and mobile stations, respectively [21] , and the corresponding antenna gains are plotted in Figure 5 , indicating that the land mobile station is capable of tolerating greater interfering PFD at elevation angles other than 0 • given the same amount of interference,Î land [cf. Equation (3)], seen by the receiver. From Table 1 , E = 12 dB (µV/m) per 25 kHz corresponding to the frequency range from 156.0125 to 162.0375 MHz. For systems operating below the 15 GHz band, the reference bandwidth of 4 kHz is appropriate when considering the impact of unwanted signals at the input of land station receivers of an ITU hypothetical reference circuit. Following this convention, the corresponding field strength is thus E = 12 dB (µV/m/25kHz)
or E= 4 dB (µV /m) per 4 kHz, corresponding to a PFD value of
per 4 kHz from (1).
From (8), (9) and (13), the PFD mask is then plotted in Figure 6 in dBW/m 2 per 4 kHz for both cases of mobiles, FSC mobile (φ), and base stations, FSC base (φ), using the antenna patterns in Figure 5 and the relationship in (7). The overall PFD mask is then
This is the maximum allowed PFD irradiating the Earth's land surface from all possible angles by a VDE-SAT satellite inferred from the FSC of ECC, which is plotted in Figure 7 . 
B. INTERFERENCE-TO-NOISE RATIO CONSTRAINT (I/N)
The ITU defines an interference constraint in terms of the interference-to-noise ratio for terrestrial interference protection between the conventional and trunked land mobile systems operating below 869 MHz band [21] . It requires that the VOLUME 7, 2019 average interference power from a land mobile system seen by a victim land mobile system be at least 6 dB below the noise level of the receiver, i.e.,
where ζ I/N = −6 dB. The receiver system noise N consists of both internal and external noise [23] . The internal noise is dominated by thermal noise with equivalent noise temperature of T r = 30 dBK, given the receiver noise figure of 7 dB [21] . For VDES frequency bands in the range from 156.0125 to 162.0375 MHz, man-made noise and galactic noise are the main sources of external noise, with respective noise temperature in the range from T m = 31 to 38 dBK for man-made noise, and T g = 24 dBK for galactic [24] , [25] . Thus, the overall noise temperature is given by
assuming T m = 31 dBK. Given the 15 kHz channel bandwidth of the legacy land stations [21] , the system noise level is
where κ is Boltzmann's constant (i.e., −229 dBJ/K). The maximum interference into the receiver from an interfering land station isÎ
per 15 kHz, orÎ I/N = −165 dBW per 4 kHz. Consequently, for a satellite space station, the corresponding maximum allowed PFD impinging on the land system inferred from (18) is then
Using the similar definition in (8) produces the VDE-SAT PFD masks corresponding to both land mobiles and land base stations from (19), i.e.,
and
They are plotted in Figure 6 in dBW/m 2 per 4 kHz using the antenna patterns in Figure 5 and the relationship in (7). The overall maximum allowed PFD emitted by a VDE-SAT satellite onto the surface of the Earth is then This is the PFD mask deduced from the ITU I/N constraint in (15) , and is plotted in Figure 7 together with the PFD mask from the FSC of ECC.
C. PERFORMANCE-BASED CONSTRAINTS (C/I)
Instead of placing a hard constraint on the interference, another criterion used by ITU for protection between land mobile systems is from the perspective of the ultimate system performance requirements.
1) DIGITAL LAND MOBILE SYSTEM
For digital land mobile systems in the frequency band between 138 and 174 MHz, a bit error rate of 2-5% with C4FM modulation is targeted as specified by ITU [21] . The corresponding required (or minimum) per bit energy-tointerference plus noise power spectral density ratio can be found in [26] as
where N 0 (in W/Hz) is the interference plus noise power spectral density. This translates to a minimum carrier-tointerference plus noise ratio of
where R b is the bit rate per Hz (bits/s/Hz). Since C4FM modulation carries two bits per symbol, it follows that
where R s is the per Hz modulation symbol rate. Apparently, (23) is met as long as
where C is the received per channel carrier power, N 0 is given in (17) , and N 0 + I is the per channel noise plus interference power, i.e., N 0 in W/15kHz. According to the representative parameters of technical and operational characteristics of conventional and trunked land mobile systems operating in the frequency band 156.0125-162.0375 MHz listed in Table 2 [21], the typical antenna height of a base station and a mobile station are 65 meters and 2 meters, respectively, which determines the maximum line-of-sight distance (limited by the visual horizon) between the base station and mobile station, i.e., 29 km + 5 km = 34 km. This leads to a maximum path loss ofˆ = 107 dB in the frequency band of 156.0125-162.0375 MHz. In addition to the free space loss, the land mobile system transmission channel also experiences an additional path loss, estimated to be ≈ 34 dB [27] , thereby giving rise to a maximum total path loss of
Further taking into account the receiver feeder loss ι, the minimum carrier signal power received by the land mobile station receiver, i.e., the sensitivity is
where land (θ TX ) is the effective isotropic radiated power (EIRP) of the land transmitters, and G land (θ RX ) is the land receiver antenna gain, both at an elevation angle of θ TX ≈ θ RX ≈ 0 • , recalling that land transceivers direct to each other at near 0 • elevation angle (the horizon). Note that EIRP is defined as the product of transmit power and transmit antenna gain (including the feeder loss). Referring back to the system noise level N 0 in (17), the corresponding minimum carrier to interference ratio is then
and the maximum allowed interference level follows aŝ
which is −134 dBW per 15 kHz and −148 dBW per 15 kHz for land mobile and base stations, respectively.
2) ANALOG LAND MOBILE SYSTEMS
The performance of an analog system is commonly measured by the ratio of the total received power to the unwanted power (SINAD). ITU recommends a typical SINAD value of 12 dB for establishing degradation protection for analog land mobile systems, i.e.,
where C/D is the signal to distortion ratio, typically in the vicinity of 20 dB [28] , and ς a = 12 dB. Similar to (29), we define
and the maximum allowed interference per channel is thereforeÎ
which is −139 dBW per 15 kHz and −147 dBW per 15 kHz for land mobile and base stations, respectively. Combining the digital and analog scenarios, we have the maximum permitted interference caused by an interfering land station,Î
i.e., −139 dBW per 15 kHz for a victim mobile station, and −148 dBW per 15 kHz for a base station.
For the case where the interferer is a satellite space station, similar to (19) , the PFD constraint inferred from (23) and (31) is therefore
Using the similar definition in (8), the PFD masks result for both types of land stations, denoted as C/I mobile (φ) and C/I base (φ), which are plotted in Figure 6 in dBW/m 2 per 4 kHz using the antenna patterns in Figure 5 and the relationship in (7) .
Finally, the PFD mask governed by (23) and (31) is determined bŷ
which is plotted in Figure 7 together with the ones deduced from the FSC and I/N. It is seen that this mask is much more relaxed compared with the maskˆ I/N (φ), which is not surprising though considering thatÎ C/I /N 0 = 14 dB for mobile stations and 5 dB for base are far greater than I I/N /N 0 = −6 dB given in (15) , indicating that, although simple, (15) seems to be overly protective.
To ensure that the design of VDE-SAT meets both ECC and ITU requirements, the electromagnetic PFD irradiating the surface of the Earth from the VDE-SAT satellite must satisfy the ultimate mask deduced from (14), (22) , and (37), i.e.,
The PFD mask defined in (38) guarantees the satisfaction of the ECC and ITU regulatory constraints in the sense that a VDES space station causes no more impairment on the performance of a land system than any other co-frequency land system would.
IV. IMPACT OF THE PFD MASK ON VDE-SAT
It is critically important for the design of the VDES system to address the conflicting demands of ensuring the resulting interference is within acceptable limits to the victim system -the co-frequency land systems, while at the same time VOLUME 7, 2019 FIGURE 8. VDE-SAT EIRP, SAT (φ), per 25 kHz as originally specified in [13] .
providing an adequate signal level that offers reasonable performance that is acceptable to the target users, i.e., the maritime IoT services. In this section, we examine the impact of the derived PFD mask in (38) on the performance of the VDE-SAT downlink (i.e., from a VDE-SAT space station to a VDES ship -the target receiver).
The original VDE-SAT transmitter EIRP is specified in [13] , and is plotted in Figure 8 for both Yagi and Isoflux antennas. The PFD reaching the surface of the Earth resulted from this EIRP specification is
where SAT (φ) is the EIRP emitted from a VDE-SAT space station (per given unit of frequency), and SAT Earth (φ) is the path loss from a VDE-SAT space station to a receiver on the surface of the Earth at a nadir offset angle of φ. The resultant PFD from (39) is plotted in Figure 9 in dBW/m 2 per 4 kHz against the PFD masks derived in the previous section. It is observed that the PFD exceeds the PFD maskˆ SAT (φ) given in (38), particularly,ˆ I/N (φ) at high nadir offset angles, i.e., φ > 24 • .
To satisfy the mask, the EIRP of the satellite must be scaled back by a factor of γ > 1, i.e., SAT γ (φ) SAT (φ)/γ , such that the resultant PFD on land is less than the PFD mask, i.e.,
where
from (39). The minimum back-off corresponds to
That is a γ = 11 dB back-off in EIRP for Yagi antennas and 12 dB for Isoflux as plotted in Figure 10 , whereas the corresponding PFDs are plotted in Figure 9 (dotted lines). To see its impact on the VDE-SAT performance, we need to look into its effect on the downlink spectral efficiency. The VDES signal power collected (per given unit of frequency) by a destined VDES ship receiver at an elevation angle θ is thus
where ϑ SAT ship (3 dB) is the antenna polarization loss between the VDE-SAT space station transmitter and the ship receiver (vertical), and G ship (θ ) is the VDES ship antenna gain which is plotted in Figure 11 as given in [13] . Hence, the VDE-SAT downlink spectral efficiency is determined by
where θ ∈ [0 • , 90 • ], T ship = 30 dBK is the typical receiver noise temperature of the ship [13] , C (•) denotes Shannon-Hartley's capacity formula as a function of signalto-noise ratio (SNR), and α = −3 dB included to reflect the performance deficit between a realistic system and the theoretical limit after taking into account the imperfections of transceivers and physical channels as well as system overhead.
FIGURE 11. VDES ship antenna gain, G ship (θ ), as a function of the ship's elevation angle θ .
FIGURE 12.
The effect of the space station EIRP on the VDE-SAT downlink spectral efficiency at various elevation angles from a VDES ship, where the solid lines corresponds to the unconstrained EIRP in Figure 8 , and the dotted the constrained EIRP in Figure 10 .
The impact of the PFD mask on the VDE-SAT spectral efficiency is plotted in Figure 12 according to (44) in which two different SAT (φ)'s from Figure 8 and Figure 10 are used. It is observed that the spectral efficiency of VDE-SAT falls far below 1 bit/sec/Hz in order to satisfy the PFD mask in (38). It is thus evident that the PFD mask has a profound impact on the VDE-SAT spectral efficiency.
Nevertheless, the satellite emission pattern can be optimized with respect to the PFD mask, i.e.,
subject to that (39) is confined by (38), or
The resultant optimized EIRP,˜ SAT (φ), is plotted in Figure 10 , which suggests that the satellite beams be steered away from the horizon to avoid looking directly into the main beam of a land system. The corresponding spectral efficiency is shown in Figure 12 under the same VDES ship antenna pattern in Figure 11 .
It is seen that the FSC of ECC and the C/I of ITU infer two similar PFD masks, whereas, although simple, the I/N criterion produces the most stringent PFD mask that seems to over-constrain the VDE-SAT EIRP, and ergo the system's spectral efficiency and capacity. This may undermine VDE-SAT's potentials for supporting vast e-Navigation services as promised although it could be argued that the I/N recommendation is not prescriptive as to which criterion shall be enforced in the presence of another criterion. Nevertheless, Frequency Plan 2 with more frequency spectrum [cf. Figure 3 (b) ] may now seem to be even more desirable for compensating for the shortcoming in spectral efficiency due to the constrained EIRP.
V. SELF-INTERFERENCE
Both spectrum plans allocate separate frequency bands for VDE-SAT uplink and downlink channels, allowing frequency-division duplexed (FDD) uplink and downlink transmissions to prevent cross-link interference at the transceiver. However, neither spectrum plan offers sufficient frequency separation between the uplink and downlink channels, especially for Plan 2 in which the separation is less than 400 kHz, practically making radio frequency (RF) isolation difficult at the transceiver aboard a satellite space station operating in full-duplex mode. Excessive out-of-band emissions from the output of the transmitter are likely to leak directly into the input of the receiver unless stringent RF isolation is created via high performance VHF filters and/or wide physical spatial separation between the transmitter and the receiver, both of which, however, could be practically difficult especially for the payload and dimension limited LEO space stations. So, realistically, only half-duplex transmission mode can be supported, in which the space station and mobile station have to take turns to transmit on the downlink and uplink frequencies, respectively, which negates the need for a transceiver to transmit and receive simultaneously. However, the duty cycle per frequency channel is halved, and the spectral efficiency is in effect cut down to half, which is not acceptable to VDE-SAT that is already thin in bandwidth.
A viable solution to this cross-link self-interference issue without sacrificing the spectral efficiency is to employ the time-division duplexing (TDD) transmission scheme, in which a VDE-SAT channel is used as a duplex channel, i.e., downlink and uplink transmissions are time-division multiplexed onto the same frequency channel. In this mode, the transceiver of a station never needs to transmit and receive at the same time, but still maintains a full channel utilization. Another significant advantage of TDD is the extra degree of freedom for the network to allocate communication resources in proportion to the traffic demand in both VOLUME 7, 2019 directions by varying the time partition of the uplink and downlink transmissions.
VI. CONCLUSION
The oceans cover more than 70 percent of the Earth's surface; maritime shipping accounts for more than 90 percent of world trade. And yet, maritime communication, particularly, the maritime MTC has not received sufficient attention that it deserves in the communications community. It can be foreseen that maritime MTC will become an imperative component in the evolving landscape of the communication network beyond 5G. In this paper, we address the importance of satellite MTC to maritime IoT, and point out the stumbling block to the realization of such an important system. We study, from an interference perspective, a satellite MTC system for maritime IoT, analyzing the potential interference to the incumbent co-frequency terrestrial communication systems. The challenge lies in the fact that there is lack of established regulatory criteria/methodologies for protection of the land system against the satellite system or the like, and hence the evaluation of the potential impact on the incumbent land systems becomes difficult. The main contribution of this paper is the mathematical derivation of an electromagnetic PFD mask for evaluating the impact of such interference. This derivation is used to confine the emission level from the satellite space station within the existing regulatory constraints originally developed for interference protection between terrestrial communication systems in the same frequency band, based on the principle that the actual interference a land system experiences attributable to a space station is no worse than that attributable to another co-frequency land system permitted by, e.g., the ITU and ECC land system regulatory constraints. We demonstrate the derivation of the corresponding PFD masks using three closely related terrestrial regulatory constraints, and their implications (spectral efficiencies) on the VDE-SAT system under development by IALA and IMO to enable the satellite component of maritime IoT. The PFD mask derived with this methodology has been accepted by the ITU as one of the emission constraints for VDE-SAT spectrum allocation. Finally, it is pointed out that the FDD spectrum allocation for VDE-SAT currently under consideration by ITU is susceptible to the cross-link self-interference that may seriously hinder the spectral efficiency and hence the effectiveness of VDE-SAT as a crucial component of the VDES maritime MTC system. A TDD solution is proposed to circumvent this problem. 
